Coherent control of the asymptotic photofragment state-resolved distributions by means of laser phase modulation in the weak-field limit is demonstrated computationally for a polyatomic molecule. The control scheme proposed applies a pump laser field consisting of two pulses delayed in time. Phase modulation of the spectral bandwidth profile of the laser field is achieved by varying the time delay between the pulses. The underlying equations shows that such a phase modulation is effective in order to produce control effects on the asymptotic, long-time limit photofragment distributions only when the bandwidths of the two pulses overlap in a frequency range. The frequency overlap of the pulses gives rise to an interference term which is responsible for the modulation of the spectral profile shape. The magnitude of the range of spectral overlap between the pulses becomes an additional control parameter. The control scheme is illustrated computationally for the asymptotic photofragment state distributions produced from different scenarios of the Ne-Br 2 predissociation. Experimental application of the control scheme is found to be straightforward.
Introduction
Exerting control of a molecular process to the extent of being able to steer its evolution towards a desired target has been a goal actively pursued in the last years.
A variety of coherent control strategies has been developed in order to achieve such a goal, taking advantage of the coherent nature of light and of the quantum properties of the molecular systems involved.
1,2 The control schemes designed have been applied to several molecular processes, using both weak and strong laser fields. 3−25 While the different control targets pursued have been successfully achieved in general, several challenges still remain in the field of coherent control.
One of these challenges is to achieve effective control of the different observable properties of a molecular process by applying only phase modulation of the laser pulse in the weak field, one-photon regime. An advantage of weak laser fields is that they do not alter the inherent dynamics of the system. They also avoid undesired multiphoton ionization and fragmentation processes of the system that may occur with strong fields. Phase modulation of a fixed bandwidth laser pulse in the weak field regime is typically achieved by inducing a positive or negative chirp in the pulse. The positive (negative) chirp causes the central frequency of the pulse to increase (decrease) with time. As a result, while an unchirped pulse excites all the frequencies contained in its bandwidth simultaneously at every time, a positively (negatively) chirped pulse excites the lower (higher) frequencies of its bandwidth at earlier times and the higher (lower) frequencies at later times. The temporal delay in the excitation of the different frequencies of the pulse spectral width induced by the chirp can be used to modify the time evolution of a molecular process.
The issue of control of the state distributions of photodissociation fragments by means of phase modulation of a fixed bandwidth laser pulse in the weak field limit has been addressed in several works. 26−33 A theoretical proof showed that for closed systems, phase control of the asymptotic, long-time limit final photofragment state distributions is not possible in the weak-field regime. 26, 27 Indeed, that proof showed that asymptotic product distributions are independent on the laser phase, and thus phase modulation cause no effects on the final fragment distributions.
26,27
The reason, in brief, is that the laser phase distribution is a complex exponential function of the pulse freqeuencies, and since the fragment state distributions are square magnitudes, this complex function cancels out. An experiment on weakfield coherent control of retinal isomerization reported later on observed long-time control effects of the isomerization yields by modulating the laser phase. 28 In order to clarify the apparent controversy between this experimental finding and the previous theoretical proof, the conditions for one-photon coherent phase control in isolated and open quantum systems were established. 29 Based on these conditions, it was concluded that the modes involved in retinal isomerization can be considered as a subsystem coupled intramolecularly to the environment of the remaining modes of this large molecule, and under these "open" system conditions, weak-field coherent phase control of the subsystem properties is possible.
In addition, it has been shown that when a superposition of nonorthogonal, in- overlapping resonances when the chirp rate varies.
32,33
Even in the cases of long-time windows of postpulse phase control effects on the transient fragment distributions, 32,33 such effects eventually vanish at some point in time. Thus, the works reported so far demonstrate that, when the system is initially in a single eignestate, coherent control of asimptotic final state photofragment distributions by means of phase modulation of a single fixed bandwidth pulse in the weak-field regime is indeed not possible. In contrast, it has been recently reported that when the system is intially in a superposition state of (at least) two eigenstates, phase modulation of a single fixed bandwidth pulse used to excite the system in the weak-field regime can lead to control effects of the asimptotic photofragment distributions due to interference.
34
However, the phase modulation achieved by inducing a chirp on a single Gaussianlike pulse is not the only way to modulate the phase of a laser field (from now on we shall assume a Gaussian-like shape for all the pulses for simplicity, although actually this assumption is not necessary). One can also modulate the phase distribution of the laser field by applying two Gaussian-like pulses with different carrier frequencies and a time delay between them. By varying the time delay between the two pulses one can mimic the effect of the single pulse chirp, because the frequencies of each of the two pulses are excited at different times. The bandwidth of the laser field composed of the two pulses remains fixed, since it is independent on the time delay between the pulses. It is noted that the possibility of modifying the spectral profile, and therefore the relative populations of the different states excited within a superposition, by varying the time delay between two subsequent pulses has been previously demonstrated experimentally 10, 35 and applied theoretically 36 for atomic and diatomic systems using two identical pulses. In this work the above control scheme is applied for the first time to a realistic model of a polyatomic molecule, in order to control the asymptotic final state-resolved photofragment distributions, which are more complex than in diatomic molecules. Specifically, the control scheme is applied to different scenarios of the predissociation of the Ne-Br 2 (B) complex. 
Theoretical background
. This process has been studied in detail both experimentally 37, 38 and theoretically.
39−42
The process of Ne-Br 2 (B, v ′ ) excitation with a laser pulse and the subsequent predissociation of the complex was simulated with a full three-dimensional wave packet method (assuming J = 0) described in detail elsewhere. 40, 43 It is noted that the lifetime calculated with the present theoretical model for the decay of the NeBr 2 (B, v ′ = 16) ground intermolecular resonance has been found to be 69 ps, 44 while the corresponding lifetime estimated experimentally is 68 ± 3 ps. 38 This good agreement with the experimental lifetime implies that both the three-dimensional wave packet method and the potential surfaces used in the present simulations are quite realistic in order to describe this resonance decay process.
The pump laser field used in this work is a combination of two Gaussian pulses
where ω 1 , ω 2 and t 1 , t 2 are the frequency and time centers, respectively, of the two pulses. In order to make simpler the interpretation of the results, the only source of phase modulation of the laser field of eqn (1) will be the time delay between the two pulses, ∆t = t 2 − t 1 , and then the phases are taken to be φ 1 = φ 2 = 0. Similarly for simplicity, the amplitudes of the pulses are assumed to be equal, E 0 = 1.0 × 10 −6 a.u., which corresponds to a maximum pulse intensity of about 3. Such a field provides a large flexibility and degree of control for that purpose, by varying the time delay ∆t, which can be readily achieved experimentally.
We are now interested in the frequency amplitude profileẼ pump (ω),
because the photofragment state distributions depend on the square ofẼ pump (ω),
where E is the total energy of the fragments and the final fragment states are labeled by a global quantum number n, |φ X is the initial eigenstate (e.g., the vibronic ground state) at energy ǫ 1 times the projection of the transition dipole moment along the polarization direction of the field, ω E = (E−ǫ 1 )/h is the excitation frequency, H B is the nuclear Hamiltonian of the excited electronic state, and C is a constant. For a single Gaussian-like pulse E pump (t) we have thatẼ pump (ω) = A(ω)e iΦ(ω) , and the phase dependence e iΦ(ω) vanishes in |Ẽ pump (ω)| 2 = |A(ω)| 2 , leading to an asymptotic P (E, n) state distribution which is independent on the pulse phase dependence.
Thus, no phase modulation control of the asymptotic, final P (E, n) is possible in this case.
Now, for the field of eqn (1), we can perform analytically the integral of eqn (2), and after some algebra we find
or in more compact form
Then
The term 2A(ω, ω 1 )B(ω, ω 2 ) cos[ω(t 2 − t 1 )] of the power spectrum |Ẽ pump (ω)| 2 of eqn (6) is a phase dependence that can be modulated just by varying the time delay ∆t = t 2 − t 1 between the two pulses of E pump (t). Such a modulation will change the profile of |Ẽ pump (ω)| 2 , but still keeping the same fixed spectral bandwidth. A change in the |Ẽ pump (ω)| 2 profile will involve in general a modification of the asymptotic
, thus making possible its coherent phase control.
The most important implication of eqn (6) is that the appearance of the phase dependence term is independent on the system to which the laser field is applied, which makes this control scheme of universal application. One of the main goals of the present work is to establish the conditions under which this type of control can be exerted on the asymptotic photofragment state-resolved distributions.
In the following we shall analyze the different scenarios where this phase dependence term can lead to phase modulation coherent control of the asymptotic photofragment distributions in the general case of two different pulses in the field of eqn (1).
In the general case, ω 1 = ω 2 in the field of eqn (1). However, it is stressed that a phase dependence is present in |Ẽ pump (ω)| 2 also when ω 1 = ω 2 (in this case
, as long as ∆t = 0 (i.e, t 1 = t 2 ). In the specific case of t 1 = t 2 (∆t = 0 and cos(ω∆t) = 1) the phase dependence vanishes, and this situation would be equivalent to that of an unchirped single Gaussian-like pulse.
The phase dependence term 2A(ω, ω 1 )B(ω, ω 2 ) cos(ω∆t) is actually an interference term that arises whenẼ pump (ω) is squared. Therefore, the requirement for this term to be nonzero is that the bandwidths A(ω, ω 1 ) and B(ω, ω 2 ) of the two pulses of the field of eqn (1) must overlap in a certain range of frequencies ω, that coincides with the spectral range of the states populated in the superposition prepared. If there is no overlap between A(ω, ω 1 ) and B(ω, ω 2 ) (i.e., A(ω, ω 1 )B(ω, ω 2 ) = 0, ∀ω),
we have the situation of a sum of two independent, nonverlapping pulses, and the phase dependence in |Ẽ pump (ω)| 2 vanishes same as in the single Gaussian-like pulse case. However, if there is overlap between the spectral bandwidths of the two pulses, the |Ẽ pump (ω)| 2 intensity profile can be modulated in the range of frequency overlap by varying the time delay ∆t between the pulses. The frequency overlap requirement is always fulfilled in the case that ω 1 = ω 2 (regardless that both pulses have the same bandwidth or not). In the general case that ω 1 = ω 2 , the spectral overlap condition is fulfilled only when the two bandwidths are large enough in comparison with the frequency difference ∆ω = ω 2 − ω 1 . It is noted that, as long as the pulses overlap in a frequency range, the position of the central frequencies and therefore their separation ∆ω = ω 2 − ω 1 can be varied, becoming an additional control parameter. It should be pointed out here that a control scheme that uses two pulses delayed in time, namely a pump and a probe pulse with different carrier frequencies has been applied to control the dissociative ionization of H 2 . 19, 48, 49 By varying the time delay between the pump and probe pulses, the dissociation dynamics changes from adiabatic to nonadiabatic, with the corresponding variation of the fragment outcome. While this control method is related to the present one to some extent, its spirit is actually different.
To summarize the above discussion, the requirement to achieve coherent phase control of the asymptotic photofragment state distributions is the overlap of the two pulses of the pump laser field in the range of frequencies associated with the different states populated in the superposition created. By fulfilling this condition the |Ẽ pump (ω)| 2 profile can be modulated in that frequency range by simply varying the time delay between the pulses, which is routinely done in current pump-probe experiments. In the following this will be illustrated by applying a laser field like that of eqn (1), to prepare a superposition of resonance states in Ne-Br 2 (B, v ′ ), when the two pulses have both nonoverlapping and overlapping spectral bandwidths. The
Ne-Br 2 (B, v ′ ) complex is used here because it is a system rich in different types of resonance states, which makes it appropriate for the present test purposes. In this sense, the effect on the phase control of the fact that the resonances populated in the superposition overlp between them or not, is also investigated. 
Results and discussion

Spectrally nonoverlapping pulses
We will examine first the scenario where the spectral bandwidths of the two pulses of E pump (t) do not overlap. To this purpose, a field E pump (t) with two pulses with a temporal full width at half-maximum (FWHM) of τ F W HM = σ √ 8 ln 2 = 100 ps for each pulse, has been used. For these pulses the spectral FWHM is about 0.2 cm −1 . For simplicity, in the simulations t 1 is always fixed at t 1 = 0 and the center t 2 of the other pulse is the only one varied, being ∆t = t 2 . In Fig. 1(a) the temporal profiles of the two pulses are shown at t 1 = 0 and at different values of t 2 . In Fig. 1(b) the spectral bandwidth |Ẽ pump (ω)| 2 (calculated numerically as the squared Fourier transform of E pump (t), using eqn (2) product fragment are calculated as and t 2 = ∆t, respectivley, they cannot interfere with each other. By summing the transient populations associated with these two independent simulations we get 
Spectrally overlapping pulses
Let us now consider the other scenario where the two pulses of the laser field of eqn (1) do overlap in the frequency domain. This scenario is found when the temporal width of the pulses is decreased with respect to the case of Fig. 1(a) . In the present application a width of τ F W HM = 10 ps has been used for both pulses.
Similarly as in Fig. 1(a) , in Fig. 3(a) the temporal profiles of the two pulses are shown for different time delays. In Fig. 3(b) the spectral profile |Ẽ pump (ω)| 2 (again calculated numerically using eqn (2)) is displayed for several time delays between the two pulses of E pump (t).
In all cases the bandwidth of |Ẽ pump (ω)| the two pulses of the laser field are over before t = 50 ps (see Fig. 3(a) ), we find a time window of postpulse phase modulation effects due to interference of about 500 ps, much longer than that of 200 ps previously found with a single laser pulse.
32,33
In Fig. 4 (b) the asymptotic P Fig. 3(b) ). For |∆t| > 50 the asymptotic population still displays oscillations, but they gradually decrease in intensity as ∆t increases, with the population converging to a value similar to that obtained for ∆t = 0 (∼ 0.12). Again, the reason of this convergence is that with increasing ∆t the highly oscillating shape of |Ẽ pump (ω)| 2 approaches that of the profile obtained with ∆t = 0.
The results of Fig. 4(b) show that variations of nearly 30% can be produced in the asymptotic photofragment populations obtained from a superposition of only two overlapping resonances (the simplest superposition state), by simply varying the time delay between the two pulses of the laser field in a relatively small range of time.
Thus the present phase modulation control scheme is both straightforward to carry out experimentally and powerful in order to achieve effective control. On the one hand, the experimental implementation of the control scheme only involves the use of two pump pulses with a time delay between them, which is easily achieved in current pump-probe experiments. On the other hand, the phase modulation produced by small time delays between the pulses cause large changes in the shape of the spectral profile and therefore in the population of the resonances in the superposition created.
This fine selectivity of the population excited to all the superposition resonances leads to a large degree of control on the final product state distributions produced.
The effects of phase modulation of the |Ẽ pump (ω)| 2 profile when the condition of frequency overlap between the two pulses of E pump (t) is fulfilled should also be present in the asymptotic fragment state distributions obtained from a superposition of nonoverlapping, orthogonal states which cannot interfere themselves. In order to illustrate this point, the same laser field of Fig. 3 (i. e., using a temporal width of τ F W HM = 10 ps for the two pulses of E pump (t)) is used to prepare a superposition 
32
The value of the asymptotic normalized population P norm v f =v ′ −1 (t → ∞) is plotted in Fig. 5(b) versus the different time delays applied. The behavior of the asymptotic population for v ′ = 16 is very similar to that found in Fig. 4(b) , namely sharp oscillations for small time delays which gradually vanish as ∆t increases, reaching the asymptotic population for large ∆t a value close to that of ∆t = 0. The similarity of behaviors is not surprising, since it is determined by the shape of the |Ẽ pump (ω)| 
Summary and conclusions
In conclusion, this work reports the first application to a polyatomic molecule of a coherent control scheme based on pure phase modulation of the pump laser field in the weak-field regime, in order to modify the asymptotic final state distributions of photodissociation fragments. The control scheme applies a pump laser field consisting of two pulses delayed in time. By varying the time delay between the pulses, phase modulation of the spectral bandwidth profile of the laser field can be achieved. Finally, the present findings are general for any superposition state of a polyatomic system, regardless the specific system of interest. The simplicity of the two conditions required for the laser field used in the present control scheme, namely two pulses that overlap in a certain range of frequencies and with a variable time delay between them, makes this scheme universal and straightforward to apply in current pump-probe experiments of molecular photodissociation processes. In this sense, following the spirit of previous experiments carried out on atomic and diatomic systems, 10,35 a trivial experiment on a polyatomic molecule would consist of applying a pump laser field with two pulses with the same central frequency [i.e., ω 1 = ω 2 in eqn (1)] and the same spectral width (then ensuring 100% of spectral overlap between them), and separated by a ∆t time delay. Thus a wide applicability of the control scheme proposed is envisioned. Fig. 1 (a) Gaussian temporal profiles of the envelopes of the two pump pulses of E pump (t) with a temporal width τ F W HM = 100 ps for different time delays ∆t = t 2 − t 1 between them. The other parameters of E pump (t) are specified in the text. The center of one of the pulses is always fixed at t 1 = 0 ps. (b)
FIGURE CAPTIONS
Spectral bandwidth profile of the E pump (t) field of panel (a) calculated using eqn (2) . This profile is independent on the value of ∆t. 
